A catalase monolayer adsorbed on a layer of arachidic acid deposited on a solid support was irradiated with 100 keV electrons simulating the conditions of electron microscopic imaging. Effective doses were calculated taking into account the angular and energy distribution of backscattered electrons. Enzymatic inactivation was chosen as the criterion for damage and was monitored by a rapid and quantifiable but nevertheless sensitive assay. Dose-response curves revealed that inactivation is a one-hit-multiple-target phenomenon, which is consistent with biochemical evidence for a cooperative function of subunits. The experimentally determined target size coincides fairly well with both calculated cross sections for inelastic interactions based on the atomic composition of catalase and with calculated cross sections for ionizing events based on the chemical bonds involved. This legitimates both types of calculations even for complex biomolecules. Macromolecules and supramolecular assemblies are subject to substantial structural alterations when exposed to the unfavorable conditions in the electron microscope. Theoretical considerations (1) as well as experimental investigations (for review see ref.
The complexity of the phenomena associated with radiation damage of proteins or biomolecules in general made it impossible to formulate inductively a universal theory of the damaging process (for reviews see refs. 5-7) which could define or even predict the kind and degree of structural alterations following the fairly well understood physical interaction between the beam electrons and the specimen atoms. For essentially the same reason it is impossible to trace back on a theoretical basis to the original undisturbed structure of a protein from micrographs with manifest deteriorations.
To evaluate realistic perspectives for "molecular microscopy" it seems necessary to measure quantitatively the electron doses causing distinct structural deterioration in various molecular species of biological relevance and under experimental conditions simulating the hazards of electron microscopical imaging. Hitherto, radiation damage was often measured by determining the dose that caused fading of distinct spots of the electron diffraction pattern. Unfortunately, this method is confined to crystalline specimens and, moreover, the situation of a molecule in a crystal need not necessarily reflect its reaction to ionizing radiation in a noncrystalline state. Organized monolayer systems assembled in a controlled sequence at the water-air interface and deposited upon solid supports offer suitably thin and defined model systems, which are comparable to not necessarily crystalline, real electron microscopic specimens.
To circumvent the difficulties involved in experimentally simulating the "single-transmission" situation of electron microscopy we here describe a dosimetry taking into account the electrons backscattered from the solid support. As a criterion for damage we have chosen the loss of enzymatic activity, though it cannot yet directly be ascribed to distinct structural alterations within a given protein. Nevertheless we presume enzyme inactivation to be a sensitive and quantifiable indicator reflecting a relatively definable degree of structural change and, moreover, being a prominent though comparatively early point in the destructive process that may finally reach a "steady state" (8) . In this context we report on a rapid semiquantitative but nevertheless sensitive assay to monitor inactivation of catalase, which is of considerable advantage for testing the efficiency of the numerous potential radiation protectants. The design of protective systems appears to be a third promising approach to "nondestructive" molecular microscopy besides minimal beam exposure techniques (9) and the sophisticated utilization of structural redundancies (10) .
MATERIALS AND METHODS
Monolayer Formation. Catalase monolayers were formed by adsorption onto a lipid monolayer, similar to the procedure described by Fromherz (11, 12 iskop Ia). Successively the plates were adjusted under the window in the frame to allow the electron beam to irradiate only one half of each plate, so keeping a nonirradiated part of otherwise equal treatment for comparison. The incident current density was obtained by measuring the total current Im spread over a homogenously illuminated circular patch of diameter b. Regarding the efficiency y < 1 (14) of the built-in image-current meter, which uses the insulated final screen as electron collector the incident current density was j = 4 Im/rb2y. Choosing j 5-10-8 A cm-2 excluded any risk of temperature rise above room temperature (295 K). Before irradiation the gun was allowed to reach a steady state, i.e., to deliver a constant current Im. The vacuum was always below 2.10-5 torr (2.7 mPa). 100 kV accelerating voltage was chosen to minimize multiple scattering in the specimen and to achieve similarity to most of today's high resolution electron microscopic work. Dosimetry on Solid Supports. The assay described above demands the deposition of the specimen on the surface of a solid plate that is far too thick to be penetrated by the 100 keV beam electrons. To compare the effective doses acting on the thin (<10-6 g cm-2) specimen resting on the plate with the doses collected by the same specimen in transmission electron microscopy on supports of approximately 3- 10-7 g cm-2, the dose due to backscattered electrons (b.e.) has to be accounted for.
If ark (E) is the cross section for an interaction of kind k, dependent on the electron kinetic energy E, and for every incident primary electron (p.e.), we count n b.e. (a = backscattering yield factor) with normalized probability distributions Po (a) sin a dia dp over the angle a and PE(E/Eb; A) d(E/Eb) over the relative energy E/Eb we can define a factor fk = qk eff/qkn > 1 [1] converting the nominal doses qn applied to the specimens into effective doses qk eff yielding the same effects in case of one-way transmission of p.e. For normally incident p.e., Po is independent of azimuth sp; therefore, we set dQ = 2ir sin ta dO and obtain for Eb = energy of p.e. (Fig. 1 ). For numerical evaluation of Eq. 2 we fitted experimental values for Po (15) to a Lambert distribution and for PE (15, 16 ) to a generalized Lorentzian (17) . v (Au; 100 keV) = 0.513 is also known from measurements (18) .
To account for the loss of energy exchange capability of electrons at very low energies (19) and to cut off the influence of "true" secondary electrons (20)*, i.e., electrons liberated in ionizing processes, we use an effective charge factor K(E) = 1 -exp(-125fl). [3] This is reasonable, because their penetration depth is smaller than the thickness of the arachidic acid monolayer (2.7 nm) separating the catalase monolayer from the gold surface, and the secondary electron yield from the intermediate layer itself is small compared to the yield from the bulk gold (21) .
Assuming inelastic scattering responsible for damage, we evaluated Eq. 2 with a cross-section formula (22) 07fn(E) =3 X,2(n B -f2)E [4] With ak(E) = ajn(E) K2 The oxygen content of the mean bubble was calculated considering the noticeable pressure rise due to surface tension. The mean number of bubbles per unit area was determined by counting them in test fields (Figs. 2 and 3) .
RESULTS AND DISCUSSION Enzymatic activity in the monolayer Assuming a maximum number of 1.56.1012 catalase molecules per cm2 (closely packed ideal monolayer) the activity in the nonirradiated halves of the plates is approximately 'k of the specific activity as measured in a solution. This discrepancy is obviously mainly due to the rate-limiting low substrate concentration in our assay (to ease photographic recording) and nonoptimum pH and temperature conditions, and far less to enzyme denaturation during adsorption and dehydration or deviations from ideality in monolayer structure. Vacuum effects It seems remarkable that the exposure of catalase monolayers to vacua below 1o-5 torr (1.3 mPa) does not significantly alter the enzymatic activity as compared to layers kept in a wet state. Dehydration of catalase monolayers under microscopic vacuum conditions is obviously not as harmful for single molecules as it is for supramolecular assemblies. It is well known from crystallographic studies of proteins (25) that the crystals shrink upon dehydration in a discontinuous manner, which is accompanied by profound changes in the diffraction pattern. Catalase crystals are observed to shrink by about 40% in length and 15% in width on air drying (26) and electron diffraction studies comparing dry and wet catalase crystal indicate that drying seriously disorders the crystal (27) . The fact that vacuum drying does not affect the enzymic activity of catalase suggests that fading of the low angle intensities of the electron diffraction pattern reflects only disorder of the crystal and not damage to individual molecules. It seems remarkable in this context that this retention of activity is valid for unstained but not for negatively stained catalase (28) . Inactivation
On the plates a decrease of enzymic activity is already detectable at doses as low as 1.5 e-/nm2 and inactivation is almost complete at 5 e-/nm2. Plotting a dose-response curve for catalase inactivation (Fig. 4) 
